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A link L with n components in three-dimensional torus T2 is an embedding
of a disjoint union of n circle St into three-dimensional torus. If n = 1 the
link is called knot. Two link are considered equivalent if they are ambient

isotopic, that is, if there exists a continuous deformation of T3 which takes
one link to the other.

Puc.: 3-torus
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A diagram of link in T3 is a regular plane graph represented on a square
(see Vuong), which has nodes of 4-valent (with extra structure representing
the crossing in the link) and also 2-valent nodes (vertices with poles). One
says that two such diagrams are equivalent if there is a sequence of
generalised Reidemeister moves and vertex moves taking one diagram to
the other. These moves are performed locally on the regular plane graph
(with extra structure) that constitutes the link diagram.
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R4, R5 moving through boundary
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\ Switching vertex move
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Fobidden move
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Puc.: A link in 3-torus
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Puc.: Diagram
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Puc.: State sum model
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What am | looking for?
A state sum model for that type of formal diagrams of knots in 3-torus

The philosophy is any object and evaluation can be the Euler characteristic
of some chain complexes.

And so there must be a homology theory behind the scene?!
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How can Boolean algebra be involved to this type of switching? Or the Z;
structure here could be applied?
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Puc.: Borromean rings
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Puc.: Knots in 3-torus
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| supposed an algorithm to get a presentation of the fundamental group of
link complement from a diagram of the link as defined above. Having a
diagram of a knot K in three dimensional torus we can easily define its
homology class [K] € Z3 of K. Also having a presentation of the
fundamental group of link complement, the abelianization of the
fundamental group m1(T3\L)/[mx1(T3\L), m1(T3\L)] is its first homology
group Hi(T3\L).

Beiour Bao (TrYVY) VY3nbl n 3auennexuns 8 3-tope 08 [ekabps 2023 15 /44



By the diagrams with polarised vertices
W : wi, ..., ws are the classical Wirtinger relations for each crossing, that is

of the type a,-ajal-_la;l =1or a,-aj_lal-_la;1 =1; .
Q: Relations between loops corresponding to overpasses with identified

endpoints on the boundary x/ = yfyk__&lx,-’ykﬂy_l, yj’ = x‘lfyk__&l)gfykﬂx,

Yz = 27z

T: Torus relations x;*...x5" = zxz 7 Ix7L, y{t.ylm = yzy~
z'...z/' = yxy71x7, when n,m or | is zero then the corresponding
product define to be 1.

1,-1

Z_ 1
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By the diagrams with surgery on Borromean rings

W : wy, ..., ws are the classical Wirtinger relations for each crossing
S: Surgery relations h =1;h = 1; 3 = 1, corresponding to the three
parallels of the Borromean rings in terms of generators as in classical
diagram.

Puc.: Knots in 3-torus
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Puc.: Bypebiii
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Theorem (V.)

Let L be a link in 3-torus T3, with components Ly, ..., L,,. For each
t=1,..,w, let (6,,0,,&) = [L] € Z> = Hi(T3). Then
73 & Z,, ifu=1
HI(TA\L) = 22 & Z,, & 7, ifw=2
78 ® L¢ ® Ly ® Lo, ifw > 3.

where p = gecd(61,01,&1); k and X\ are the invariant factor of the matrix
My, {,n and 0 are the invariant factor of the matrix M.

61 0o
M =101 o7
SERS:
01 0 ... Oy
My =101 oo .. oy
SRS S ¥
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Now we see that the first homology group might contain torsion part. We
say that a link L € T3 is nontorsion if torsion part Tors(Hi(T3\L)) is zero,
otherwise we say that L is torsion. A local link or affine link is a link, which
can be isotoped so that it's contained inside a 3-ball in T3. A local link is

clearly nontorsion.
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The relation between Alexander polynomial of a knot and the torsion
invariant of Reidemeister, Franz and de Rham for knot complement was
first noticed by Milnor. As a consequence of the relation, Milnor gave
another proof for symmetry of Alexander polynomial. Milnor applied the
result to knot theory, considering the case of classical knot, i.e. the knot
complement has the homology of the circle.

A DUALITY THEOREM FOR REIDEMEISTER TORSION

BY JorN MiLxor
(Received November 8, 1961)

This paper will show that the torsion invariant of Reidemeister, Franz,
and de Rham for a manifold satisfies a duality relation, analogous to
Poincaré duality. As an application one obtains a new proof that the
Alexander polynomial of a knot is symmetric (a result first proved by
Seifert [11]).

1. The duality theorem

First some algebraic preliminaries. Let P be a ring with an anti-auto-
morphism 0 — § of period two. Given any left P-module A define the
dual module A* to be Hom, (A, P), considered as a left P-module in the
following way. For each pe P and f: A— P define of: A— Pby the
formula

la, pf1 = a, 117,
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It turns out that there are similar relations between Reidemeister torsion
and twisted Alexander polynomial for the case of knot complement in other
spaces, rather than three dimensional sphere when the homology group
contains also torsion. The technology to get explicit relations as Milnor had
created making use of simple homotopy theory for CW-complexes and Fox
free differential calculus. Those ensure a CW structure for the knot
complement, associated with a presentation of the fundamental group, so
that the boundary maps are obtained by free derivatives. The method works
out fine also for the case of knots and links in three dimensional torus.
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Given a presentation of the group of a link, one may calculate its Alexander
polynomial using Fox free calculus. We recall the following definition of
Alexander polynomials. Let

P = <X1, ...,X,,|I’1, ceey rm>

be a presentation of a group G and denote by H = G /G’ its abelianization.
Let F = (x1,...,xn) be the corresponding free group. We apply the chain of
maps

9
ZF 25 7F 5 7.6 % ZH,
where % denotes the Fox differential, v is the quotient map by relations
rn,...,rm and « is the abelianization map. The Alexander-Fox matrix of the
presentation P is the matrix A = [a; ], where a;; = a(7( gg)) for
i=1..,mandj=1,..,n For k=1 ..., min{m —1,n— 1}, the k-th
elementary ideal Ex(P) is the ideal of ZH, generated by the determinants
of all the (n — k) minors of A. The first elementary ideal E1(P) is the ideal
of ZH, generated by the determinants of the all the (n — 1) minors of A.
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Definition

Let L C S3 be a link, and let Ex(P) be the k-th elementary ideal, obtained
from a presentation P of fundamental group m1(S3\L, *). Then the k-th
link polynomial A(L) is the generator of the smallest principal ideal
containing Ex(P). The Alexander polynomial of L, denoted by A(L), is the
first link polynomial of L.

For a classical link L in S3, the abelianization of 71 (S3\L, *) is the free
abelian group, whose genereators correspond to the components of L. For a
link in 3-torus T3, the abelianization of its link group may also contain
torsion. In this case, the Alexander polynomial is not defined, we need the
notion of twisted Alexander polynomials. Thus we recall the definition of
twisted Alexander polynomials.
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Let G be a group with a finite presentation P and ablianizatioon

H = G/G’ and denote K = H/Tors(H). Then every representation

¢ : Tors(H) — C* = C\{0} determines a twisted Alexander polynomial
A?(P) as follows. Choosing a splitting H = Tors(H) x K, ¢ induces a ring
homomorphism ¢ : Z[H] — C[K] sending (f, g) € Tors(H) x K to ¢(f)g.
The ring homomorphism is called twisted homomorphism. Thus we apply
the chain of maps

Z[F] % ZIF] 5 Z[G] = Z[H] LA C[K]

and obtain the ¢-twisted Alexander matrix A? = [qﬁ(a('y( 2)))|. The

twisted Alexander polynomial is then defined by A?(P) = gcd(o(E1(P))).
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Definition

Let L C T3 be a link in the three dimensional torus T3. For any
presentation P of the link group 71 ( T3\L, *), we may define the following.
The Alexander polynomial of L, denoted by A(L), is the generator of the
smallest principal ideal containing E;(P).

For any homomorphism ¢ : Tors(H1(T3\L)) — C*, the ¢-twisted
Alexander polynomial of L is A?(L) = ged(¢p(EL(P))).

We know that the torsion subgroup of Hi(T3\L)) is the group
Z¢ ® Ly ® Zg in general. The ¢-twisted Alexander polynomial
A?(L) € Z[Q][K] is defined up to multiplication by a unit.
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Reidemeister torsion of cell complex

Let IF be a field, V be a k-dimensional vector space over F. Suppose that
b= (b1, by, ..., bx) and ¢ = (c1, 2, ..., k) are two bases of V then there is
a non-singular k x k matrix (a;) such that b; = Zf'(:l ajjci. We write
[b/c] = det(aj;) € F*. Two bases b and c are said to have the same
orientation if [b/c] > 0, and to be equivalent if [b/c] = 1.

Llet0 - C 5D i E — 0 be a short exact sequence of vector spaces. Let
c=(c1,c,...,ck) be a basis for C and e = (e1, ey, ..., €/) be a basis for E.
Since the map 3 is surjective we can lift e; to a vector & in D. Then

ce = (C1y vy Ck, €1, ..., €) is a basis for D and its equivalent class depends
not on the choice of & but only on the equivalence classes of ¢ and e.

The finite chain complex
(C,0) = (0 = Com 27 Gy 2 . 2 ¢ 24 ) 5 0) of

finite-dimensional vector spaces over F is called acyclic if it is exact. The
chain is called based if for each C; a basis is chosen.
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Assume that (C, 9) is acyclic and based with basis c. Choose a basis b; for
B; = Im 0;11 = ker 0;. From the short exact sequence
0—-B —C —Bi_1—>0wegeta basis b;b;_1 for C;.

Definition
The torsion of the acyclic and based chain complex C is defined to be

7(C) = H,’-”:O[b,-b,-,l/c,-](_l)i+1 e F. If C is not acyclic then 7(C) is defined
to be 0.

The torsion 7(C) depends on ¢ but does not depend on the choice of b;'s.
If a basis ¢/ is used instead of ¢; then the torsion is multiplied with
i/l

Let X be a finite connected CW-complex and let 7 = 71(X). The universal
cover X of X has canonical CW-complex structure obtained by lifting the
cells of X. If {eX,1 < i < ny} is an ordered set of oriented k-cells of X and
&k is any lift of eX then the ordered set {&,1 < i < ny} is a basis of the

1

Z[r]-module G;(X).
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It Z[r] 2 Fis a ring homomorphism then by the change of rings
construction F ® C,(X) is a chain complex of finite dimensional vector
spaces over FF. If this chain complex is acyclic then its torsion

7(F ® C.(X)) € Fx is defined. However 7(F ® C.(X)) depends on the
chosen of basis for C*()~<) that is on the choices of lifting cells

{8k, 1 < i < ng}. If we fix a choice of a set of lifting cells as a basis for the

Z|r]-module C;(X) but change the order of the cells in the basis then

7(F ® C.(X)) is multiplied with £1. If we change the orientations of the
cells then torsion is also multiplied with 1. If we choose a different lifting
cell for eX — by an action h.& of a covering transformation h € 7 — then

torsion is multiplied with ¢(h)*?.
Definition

The Reidemeister torsion 7¢(X) of the CW-complex X is defined to be the

image of 7(F ® C.(X)) under the quotient map F — F/ &+ ¢(x).
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It is well known that torsion is a simple homotopy invariant and a
topological invariant of compact connected CW-complexes. And for every
topological manifold of dimension 3 admits a piecewise linear structure or
in other words admits a triangulation. Such a piecewise linear structure is
unique in the sense that every homeomorphism h between two piecewise
linear manifolds is isotopic to a piecewise linear homeomorphism. In terms
of triangulations, the triangulations can be subdivided so that there is an
isomorphism of the subdivided triangulations isotopic to h. Thus torsion is
well-defined for our cases.
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Remark. We see, that for defining the twisted Alexander polynomial we
need a representation ¢ : Tors(H) — C* = C\{0} of the torsion part
Tors(H) into C* as described in the section 3. The representation induces
the twisted homomorphism Z[H] 2 C[K], that we also denote by ¢. If
Q(K) denotes the field of quotient of C[K]. Then by composing with the
projection into the quotient, twisted homomorphism ¢ determines a ring
homomorphism from Z[H] to the field Q(K) that we still denote by ¢.
Thus with a representation ¢ : Tors(H) — C* we can define both a twisted
Alexander polynomial A? and a torsion 7%.
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Reidemeister torsion of link complements in 3-torus

Let L be a link in three dimensional torus T3. The Euler characteristic of
3-torus T3 is x(T3) = 0. Removing a tubular neighborhood N(L) of the
link L from 3-torus T3 we obtain a compact 3-manifold X with boundary,
that is the link complement in 3-torus. In terms of Euler characteristic, we
have 0 = x(T3) = x(X U N(L)) = x(X) + x(N(L)) — x(X N N(L)), that
implies x(X) = 0.

The complement X, then by pushing in one free face at a time, we can
collapse X down to a 2-dimensional subcomplex Y, so X is simple
homotopic to Y (see Whitehead). The 2-cell complex Y is of Euler
characteristic zero. We can ensure that Y has a cellular structure,
containing only one O-cell 0°; n 1-cells o1, ..., 0L, m 2-cells 02, ..., 02,
where m=n—1.

The boundary maps are 9; = 0 and 82(0,-2) = r;, where r; is a word in O'jl,
giving a presentation of fundamental group as

T = (X1, X2, ey Xn| 11, 12y ooy Fm)-
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A derivation from a paper by Huynh and Le

Let Y be the maximal abelian cover of Y. The cellular complexes of Y is
considered as modules over integral group ring Z(H), where H is the first
homology group of Y. We have a chain complex of Z(H)-modules

GV 2 a(Y) D G(Y) =0

The boundary maps are obtained by Fox's free differential calculus
(Compare Fox p. 547, Milnor p. 146): 91(6}) = pr(x; — 1)5° and

0(62) = > pr(g;’) , where the tilde sign denotes a lift of the cell to

Y. The natural projection pr is the composition of the maps «,~ in the
chain Z[F] X Z[G] < Z[H].
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Fix a splitting of H as a product H = K x Tors(H) of the free part

K = H/Tors(H) and the torsion part Tors(H). Denote the quotient field
Q(C[K]) of C[K] by Q(K). Using the homomorphism

¢ : Z[H] — C[K] <= Q(K), construct the tensor Q(K) @z Gi(Y),
considered as a vector space over Q(K). We have a chain complex of

vector spaces over Q(K):

C = (Q(K) g0 C2(V) 2 Q(K) @zqpp.0 CL(Y)

LN Q(K) ®zm,6 Go(Y) = 0).
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The boundary maps are [01]; = ¢(x;) — 1, and [00];; = qﬁ(g—g), 1<u<n,
1<j<n—1 Let A=[d]"
Denote the columns of A by u;, 1 < i < n, and denote the
(n—1) x (n— 1) matrix obtained from A by omitting the column u; by A;.
Since C is a chain we have 0 = 9(02(5?%)) = (i (5 el )(qb(xj) —1))5°,

thus Y271 ¢ 5)(é() — 1) = 0. That means Y27, (¢ (XJ) — 1)u; = 0. For
any i > j we have

((Z)(XJ) — l)detA,- = det[ul, sy Uj1, (¢(XJ) - 1)UJ', Uitl,-eey diy ...y u,,]

= det[ul, s Uj1, — Z(¢(Xk) — ].)Uk, Uitl, -eey diy ...y Un]
k#j

= (1) (p(x;) — 1)detA;.
Thus for any i and J,
(6(x;) — 1)detA; = £(6(x;) — 1)detA;. (1)
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Because H has at least three free generators (Theorem 1), the image ¢()
cannot be {1}, thus there is at least one x; such that ¢(x;) # 1. The
property 01(61) = (¢(x;) — 1)5° implies 81(ﬁ 51) = &9, so 0y is onto.
Therefore the chain C is exact if and only if 0, is injective, which means
the rank of its matrix is exactly n — 1. Thus C is acyclic if and only if A
has a nonzero (n — 1) x (n — 1) minor.

The Reidemeister torsion of C with respect to ¢ is the torsion 7%(Y) of Y,
and since torsion is a simple homotopy invariant, it is also the torsion
72(X) of X.

Now if we assume that C is acyclic. Take the standard bases of

Q(K )®Z[H] o Cs (Y) given by &J’: as above. A lift of ¢ = {¢} is

{¢ =101 } Then

T¢(X):[(;Mgg)"},...,;é(aggl)&l '1 51)/(51, ... 53]
:ﬂdetAj.

(o(xi) — 1)
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Thus if ¢(x;) # 1 then 7°(X) = tdetA;/(¢(x;) — 1). By equation 1 if
#(xj) = 1 then detA; = 0, hence the following formula is correct for all i,
whether C is acyclic or not:

(6(x;) — 1)7*(X) = +detA; € Q(K)/ £ K. (2)

Remark. The equation 2, derived in the work by Huynh and Le for links in
projective space, is hold for links in lens space and for link complement in
any space of Euler characteristic zero.
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Theorem (V.)

The Reidemeister torsion and the twisted Alexander polynomial of the
complement of a link in 3-torus are the same.

Proof

The cellular structure of the link complement X in 3-torus is simple
homotopic to a 2-dimensional subcomplex Y of Euler characteristic zero,
so the structure admits a presentation for the fundamental group of X with
n generators and m = n — 1 relations. So the Alexander-Fox matrix A
associated to such a presentation is a (n — 1) x n matrix. So the twisted
Alexander polynomial A?(X) is defined to be the greatest common devisor
gcd(detAyq, ..., detA,) of all (m — 1)-minor A; of matrix A, obtained by
removing the i-th column of A.

By equation (2), we have

A?(X) = ged(detAy, ..., detA,) =
= ged((9(xa) = D)79(X), .y (6(xa) — 1)7%(X))
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Case 1: L is a non-torsion knot or link. We have the first homology group
of complement (see section 2) is Hi(T3\L) = Z3 @ Z*, where w is the
number of components. Denote with ty, ..., t,+3 the generators of Hj.

I .
Then ¢(x;) = t;"...t,J 5 fori=1,...n. Let
g = ged((6(x1) — 1), ..., (6(xa) — 1) € Z[t, t71]. 1
For a moment we set to = ... = t,4+3 = 1. So g divides each of (tf" -1)
for i =1,...,w + 3. Observe that (see Lickorish) for any a, b € Z

(ta _ 1) + ta(tb o 1) — ta—f—b -1

and

(t?—1)—t>b(tb 1) =P -1
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. .. " ajht
Applying the argument we conclude that g divides tlz’zla " — 1 for any
a; € Z. Since t; is an element of canonical projection of fundamental

group pr(m) there is a collection of «; € Z such that

t1 =174 pr(x) = tlz;]:1 . Thus g divides (t; — 1). Now by letting
ti=1forj#i,i=2,..,(w+ 3) and repeating the argument we obtain
g =gcd((o(x1) — 1), .o, (D(xn) — 1) = ged((t1 — 1), ..., (ty3z — 1) =1
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Case 2: L is a torsion link. The first homology group of link complement
has free part of rank at most w + 2 and the torsion part might be a
product of at most three cyclic group Z¢ ® Z,, ® Zg, where (, 1,0 € N are
the order of respective groups. Without lost of generality we consider the
case when the first homology group has the rank r and torsion part has the
structure Z¢ ® Zy ® Zg. Now denote with ty, ..., t, the generators of free
part F and uy, up, uz are the generator of torsion part Tors(Hi).
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- . ht R K KZ KD
We have projection of x; is pr(x;) = t;"...t," u;" uy’ u;’" . For some
homomorphism ¢ : Tors(Hl) — Cx the image ¢(x;) is defined to be
1 r
o(x;) = tf" ...tf"qﬁ(uf ug us’ ) Setting tp = ... = t, = 1, applying the
previous reasoning we conclude that g = gcd((¢(x1) — 1), (0(xn) — 1)
N okl Nkl S k2 S k3 _
divides t‘lz":1 aih; gb(ulz‘:1 ik U2Z,:1 ik u3z’:1 ik ) — 1 for any «; € Z. Since
t; is an element of canonical projection of fundamental group pr() there
is a collection of «; € Z such that
Nt Nkl S ek S k3
n =", pr(X,-O") _ t]-zf:]. O‘Ihi¢(u12,:1 aik; UZX:IZI aik u32’:1 aik; ). So
n el n 2 n k3
S ajht =1 and gi)(ulz":1 ki u2Z’:1 ik u3z’:1 @ik )=1. Thus
analogously we get ged((¢(x1) — 1), ..., (¢(xn) — 1) = 1 that complete the
proof.
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Thank you!
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